Magnetic resonance imaging volumetry studies report inverted Upatterns with increasing white-matter (WM) volume into middle age suggesting protracted WM maturation compared with the cortical gray matter. Diffusion tensor imaging (DTI) is sensitive to degree and direction of water permeability in biological tissues, providing in vivo indices of WM microstructure. The aim of this cross-sectional study was to delineate age trajectories of WM volume and DTI indices in 430 healthy subjects ranging 8--85 years of age. We used automated regional brain volume segmentation and tract-based statistics of fractional anisotropy, mean, and radial diffusivity as markers of WM integrity. Nonparametric regressions were used to fit the age trajectories and to estimate the timing of maximum development and deterioration in aging. Although the volumetric data supported protracted growth into the sixth decade, DTI indices plateaued early in the fourth decade across all tested regions and then declined slowly into late adulthood followed by an accelerating decrease in senescence. Tractwise and voxel-based analyses yielded regional differences in development and aging but did not provide ample evidence in support of a simple last-in-firstout hypothesis of life-span changes.
Introduction
Cerebral white matter (WM) consists largely of densely packed myelinated neuronal axons, and efficient cognitive processing relies on the integrity of these pathways (Olesen et al. 2003; Tuch et al. 2005; Liston et al. 2006; Fields 2008; Kennedy and Raz 2009a; Perry et al. 2009; Westlye, Walhovd, Bjørnerud, et al. 2009; Zahr et al. 2009 ). An association between WM changes and cognitive decline in aging (O 'Sullivan et al. 2001; Davis et al. 2009; Kennedy and Raz 2009a ) and degenerative diseases Salat et al. forthcoming) has been established, conjunctively referred to as the disconnection hypothesis (Bartzokis 2004) . In vitro studies report marked alterations in myelinated fibers in aged humans (Tang et al. 1997; Marner et al. 2003) and primates (Peters 2002a (Peters , 2002b Sandell and Peters 2003) . Human magnetic resonance imaging (MRI) volumetry suggests an inverted U pattern with protracted growth extending into the fifth or sixth decade with subsequent accelerating decrease (Courchesne et al. 2000; Jernigan et al. 2001; Resnick et al. 2003; Allen et al. 2005; Fotenos et al. 2005; Raz et al. 2005; Ikram et al. 2008; Walhovd et al. forthcoming) . Possible neurobiological explanations for these changes are numerous, including axonal (re)wiring and myelination in development (Lebel et al. 2008; Tamnes et al. forthcoming) , loss and shrinkage of myelinated fibers (Tang et al. 1997; Peters 2002a; Marner et al. 2003) , and accumulation of redundant myelin in aging (Wozniak and Lim 2006) .
Diffusion tensor imaging (DTI) is sensitive to degree and direction of water molecule permeability (Beaulieu 2002; Le Bihan 2003) , enabling in vivo imaging of WM microstructure, yielding complementary information to volumetry (Abe et al. 2008; Fjell et al. 2008) . A commonly reported diffusivity measure is fractional anisotropy (FA), indexing directional coherence of water displacement (Pierpaoli and Basser 1996) . Age-related decreases in FA is well documented (O 'Sullivan et al. 2001; Head et al. 2004; Pfefferbaum et al. 2005; Salat, Tuch, Greve, et al. 2005; Charlton et al. 2006; Sullivan and Pfefferbaum 2006; Ardekani et al. 2007; Grieve et al. 2007; Abe et al. 2008; Hugenschmidt et al. 2008; Davis et al. 2009; Kennedy and Raz 2009a) . However, large-scale analyses showing nonlinear lifespan trajectories are lacking.
Demonstrations of a nonlinear pattern of WM volume changes have nurtured the hypothesis of protracted WM maturation into middle age (Bartzokis 2004 ), but it is not known whether this pattern holds for WM diffusivity as well. Because evidence indicates that WM development is a slow process that starts in infancy and continues for decades Klingberg et al. 1999; Paus et al. 1999; Bartzokis et al. 2001; Ashtari et al. 2007 ; Lenroot et al. 2007; Giorgio et al. 2008; Lebel et al. 2008; Paus et al. 2008; Giorgio et al. 2010; Østby et al. 2009; Tamnes et al. forthcoming) , an accurate description of age-related changes should be based on large continuous samples including children, adults, and the elderly (Raz et al. 2005) . We are aware of only 1 full-brain life-span DTI study. Hasan et al. (2007) reported quadratic curves of whole-brain WM FA and mean diffusivity (MD) in a sample spanning 7--67 years of age but did not explore possible regional variability. Thus, little is known about regional DTI trajectories across the life span. As previously reported, WM volume tends to show a 3-phasic life-span development with accelerating changes in the earliest and latest phases of life and a relatively stable plateau in early and middle adulthood (Courchesne et al. 2000; Jernigan et al. 2001; Raz et al. 2004 Raz et al. , 2005 . However, it is not known to what degree life-span diffusivity changes support the suggested protracted WM development inferred from volumetric studies.
The aim of the present study was to explore the notion of protracted WM maturation by delineating regional life-span trajectories of diffusivity and WM volume in 430 healthy subjects aged 8--85 years using automated whole-brain volume segmentation and tract-based statistics of DTI indices of WM integrity. DTI indices were sampled globally, voxelwise, and per fasciculus covering large association tracts important for a wide array of cognitive functions. The sampled fiber tracts included the anterior thalamic radiation (ATR), dorsal cingulum bundle (CG), the parahippocampal cingulum bundle (CH), the corticospinal tract (CST), the inferior longitudinal fasciculus (ILF), the superior longitudinal fasciculus (SLF), the uncinate fasciculus (UF), the forceps minor (Fmin), and the forceps major (Fmaj). Voxelwise effects were tested using tract-based spatial statistics (TBSS) implemented in FSL (http://www.fmrib.ox.ac.uk/fsl/). Global and lobar WM volumes were computed using an automatic gyral WM segmentation scheme in FreeSurfer (http://surfer.nmr.mgh.harvard.edu/).
Based on autopsy studies of myelination in human infants, one would expect a sequence of development with the earliest maturation seen around the central sulcus, including the CST, and then a posterior--anterior gradient with earlier maturation in posterior compared with anterior areas (Yakovlev and Lecours 1967; Kinney et al. 1988) . To the degree that DTI indices reflect myelin-related processes, the same general tendencies may be expected in the current sample. In line with previous developmental DTI studies (Lebel et al. 2008; Tamnes et al. forthcoming), we expected a relatively protracted maturation in frontotemporal connections compared with other regions. Further, suggested by evidence of an inversed ontogenetic WM deterioration in aging (Courchesne et al. 2000; Raz 2000; Bartzokis 2004; Kochunov et al. 2007; Davis et al. 2009; Raz and Kennedy 2009; Kennedy and Raz 2009b) , so-called retrogenesis, we expected early age-related changes in areas showing protracted maturation. We also expected elevated vulnerability to age-related decreases in frontal WM . Thus, we hypothesized that the CG, CH, the UF, and the Fmin would be among the latest to fully mature and earliest to show age-related deterioration. In contrast, we expected relatively early maturation and late age-related deterioration in areas encompassing the CST.
Materials and Methods

Sample
The sample was drawn from the first wave of 2 longitudinal research projects at the Center for the Study of Human Cognition at the University of Oslo: ''Neurocognitive Development'' (Østby et al. 2009; Tamnes et al. forthcoming) and ''Cognition and Plasticity through the Life-Span'' (Fjell et al. 2008; Westlye, Walhovd, Bjørnerud, et al. 2009 ). The study was approved by the Regional Ethical Committee of Southern Norway (REK-Sør). The participants were recruited through newspaper advertisements and selected from among students and employees of the University of Oslo. Further details regarding recruitment and enrolment are given elsewhere (Fjell et al. 2008; Østby et al. 2009; Westlye, Walhovd, Bjørnerud, et al. 2009; Tamnes et al. forthcoming) . We obtained written informed consent from all participants >12 years and from parents for participants <18 years of age. Oral informed consent was given by participants <12 years of age. Four hundred and thirty healthy participants (54.9% females) aged 8--85 years (mean: 41.6, standard deviation [SD]: 21.9) were included. Demographic details per decade and in the total sample are summarized in Table 1 . The participants were not evenly distributed across the life span with a higher number of participants in transitional phases where we expected large changes to take place (childhood to young adulthood, as well as middle adulthood where age-related changes could start accelerating). This uneven distribution of participants can potentially influence conventional least-square regressions, but is less likely to affect nonparametric local regressions used for the main analyses in the present study (see Statistical analyses).
There was no correlation between sex and age (Pearson's r = -0.02, P > 0.68, with females coded as 0 and males as 1). All subjects were right handed native Norwegian speakers. The participants were not subjected to a full medical assessment but were screened using a standardized health interview prior to inclusion in the study. Participants with a history of self-or parent-reported neurological or psychiatric conditions including clinically significant stroke, serious head injury, untreated hypertension, diabetes, and use of psychoactive drugs within the last 2 years were excluded. Further, participants reporting worries concerning their cognitive status, including memory function, were excluded. All subjects above 20 years of age scored <16 on Beck Depression Inventory (Beck and Steer 1987) and subjects above 40 years of age >26 on Mini Mental State Examination (Folstein et al. 1975; Bravo and Hebert 1997) . General cognitive abilities were assessed by Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler 1999) . All subjects scored within normal IQ range (82--145).
All subjects' MR scans were examined by a neuroradiologist and deemed free of significant anomalies. Four hundred and thirty-seven subjects were enrolled in the study after the initial health screening. Four subjects were excluded due to missing DTI data or motion artifacts, 1 was excluded due to age ( >90 years, which created a gap of missing data points on the continuous age scale) and 2 were excluded after radiological evaluation, yielding a final sample of 430 subjects.
MRI Acquisition
Imaging was performed using a 12-channel head coil on a 1.5-T Siemens Avanto scanner (Siemens Medical Solutions, Erlangen, Germany) at Rikshospitalet University Hospital, Oslo. For diffusion weighted imaging Years of education was not estimated for subjects below 20 years. Most subjects between 20 and 30 years of age were recruited among university students, and years of education were calculated as number of years completed at time of assessment.
a single-shot twice-refocused spin-echo echo planar imaging pulse sequence with 30 diffusion sensitized gradient directions and the following parameters was used: repetition time (TR)/echo time (TE) = 8200 ms/82 ms, b-value = 700 s/mm 2 , voxel size = 2.0 3 2.0 3 2.0 mm, and 64 axial slices. The sequence was repeated in 2 successive runs with 10 b = 0 and 30 diffusion weighted images collected per run. Acquisition time was 11 min 21 s. This sequence is optimized to minimize eddy current--induced distortions (Reese et al. 2003) . The 2 acquisitions were averaged during postprocessing to increase signal-tonoise ratio (SNR).
The pulse sequence used for volumetric analyses were 2 repeated T1-weighted magnetization prepared rapid gradient echo (MP-RAGE), with the following parameters: TR/TE/time to inversion (TI)/FA = 2400 ms/3.61 ms/1000 ms/8°, matrix 192 3 192, field of view = 240, voxel size = 1.25 3 1.25 3 1.20 mm, and 160 sagittal slices. Scanning time was 7 min 42 s. The 2 runs were averaged during postprocessing to increase SNR. Due to motion artifacts, only 1 scan was available for 25 of the participants below 19 years of age.
The protocol also included a 176 slices sagittal 3D T2-weighted turbo spin-echo sequence (TR/TE = 3390/388 ms), and a 25 slices coronal FLAIR sequence (TR/TE = 7000--9000/109 ms) used for clinical assessment.
All data sets were processed and analyzed at the Neuroimaging Analysis Lab, Center for the Study of Human Cognition, University of Oslo, with additional use of computing resources from the Titan High Performance Computing facilities (http://hpc.uio.no/index.php/Titan) at the University of Oslo.
DTI Analysis
Image analyses and tensor calculations were done using FSL (Smith et al. 2004; Woolrich et al. 2009 ). Initially, each DTI volume was affine registered to the T2-weighted b = 0 volume using FLIRT (Jenkinson and Smith 2001) . This corrected for motion between scans and residual eddy-current distortions present in the diffusion weighted images. After averaging of the 2 acquisitions and removal of nonbrain tissue (Smith 2002 ) FA, eigenvector and -value maps were computed. We defined MD as the mean of all 3 eigenvalues [(k 1 + k 2 + k 3 )/3] and radial diffusivity (RD) as the mean of the second and third eigenvalue [(k 2 + k 3 )/2]. Note that the nomenclature (''mean'' and ''radial'' diffusivity) pertains to the eigenvalues of the diffusion tensor and not necessarily to the underlying brain tissue (Wheeler-Kingshott and Cercignani 2009).
Next, all individuals' FA volumes were skeletonized and transformed into a common space as employed in TBSS (Smith et al. 2006 . Briefly, all volumes were nonlinearly warped to the FMRIB58_FA template, which is supplied with FSL, by use of local deformation procedures performed by FNIRT (Andersson et al. 2007a (Andersson et al. , 2007b , a nonlinear registration toolkit using a b-spline representation of the registration warp field (Rueckert et al. 1999) .
The common template used in the present study is a high-resolution average of 58 FA volumes from healthy male and female subjects aged 20--50 years. It is expected that amount of warping needed to align each individual FA volume to this template would commensurate with the distance in each participant's age from the age of the subjects used to build the template. All warped FA volumes were visually inspected for accuracy, which is especially pertinent when analyzing life-span data sets with relatively large individual variability in brain size and architecture. A critical validation of the procedure can be obtained by inspecting the resulting warped volumes. We computed the mean warped FA volumes for each decade to enable visual inspection of the registration between age groups. Note that all participants >70 years of age were pooled. Figure 1 (left panels) shows the resulting mean warped images for each group. In our experience, FNIRT performed the native-to-standard warping adequately across age groups. For comparison and validation of the nonlinear registration, Figure 1 (right panels) depicts the mean affine registered FA volumes. The affine registration to the common template was done using FLIRT (Jenkinson and Smith 2001) .
Next, a mean FA volume of all subjects was generated and thinned to create a mean FA skeleton representing the centers of all common tracts. We thresholded and binarized the mean skeleton at FA > 0.25 to reduce the likelihood of partial voluming in the borders between tissue classes, yielding a mask of 107,193 WM voxels. Individual FA values were warped onto this mean skeleton mask by searching perpendicular from the skeleton for maximum FA values. Using maximum FA from the centers of the tracts further minimizes confounding effects due to partial voluming (Smith et al. 2006) . The resulting tract invariant skeletons for each participant were fed into voxelwise permutation based cross-subject statistics. Similar warping and analyses were employed on MD and RD data, yielding MD and RD skeletons sampled from voxels with FA > 0.25. Further, binary masks based on the probabilistic JHU white-matter tractography atlas (Wakana et al. 2004; Mori et al. 2005; Hua et al. 2008) were created with a probability threshold of 5%, chosen to accommodate individual variation in WM architecture (Westlye, Walhovd, Bjørnerud, et al. 2009 ).
We chose 7 major WM tracts in each hemisphere (ATR, CG, CH, ILF, SLF, UF, and CST) and 2 commissural tracts (Fmin and Fmaj) as tracts of interest (TOIs). Voxels intersecting both the skeleton and the TOI were used to delineate life-span trajectories of WM microstructure. The bilateral tracts were averaged for main analyses, but per hemisphere trajectories are available online (Supplementary Figs. 1 and 2).
Volumetric Analyses
We estimated regional WM volumes using FreeSurfer 4.1 by means of an automated surface reconstruction scheme described in detail elsewhere Fischl, Sereno, Tootell, and Dale 1999; Fischl and Dale 2000; Fischl et al. 2001; Segonne et al. 2004 ). Briefly, a representation of the gray matter (GM)/WM boundary was reconstructed ) using intensity and continuity information from the entire MR volume in segmentation and deformation procedures. The cortical surface was automatically parcellated based on 1) the probability of each label at each location in a surface-based atlas space, based on a manually parcellated training set; 2) local curvature information; and 3) contextual information, encoding spatial neighborhood relationships between labels resulting in 33 surface-based regions Desikan et al. 2006) .
WM voxels within a distance of 5 mm from the cortical surface was labeled according to the label of the nearest cortical vertex (Fjell et al. 2008; ) yielding 33 bilateral gyral WM segmentations, each corresponding to a cortical area. The WM voxels not assigned to a surface area were labeled deep WM. All surface labels were manually inspected for accuracy. Areas segmented by FreeSurfer as hypointense WM areas (''dark spots'') based on the MP-RAGES were not included in the WM volumes. We combined parcels into larger subsets of bilateral lobe based regions (frontal, parietal, temporal, and occipital lobe) in addition to the cingulate gyrus, corpus callosum, and deep and total WM volume. The corpus callosum was automatically defined in the probabilistic volume-based segmentation scheme in FreeSurfer. The subsets and composite WM parcels are shown in Supplementary Table 1 . The reliability of the gyral volumetric segmentation procedure has been established across 2 scan sessions in young healthy individuals and was also found sensitive to the effects of normal aging and Alzheimer's disease (AD) ). We used intracranial volume (ICV) to adjust the volumetric data for cranial vault size. ICV was estimated by an atlas-based normalization procedure, where the atlas scaling factor is used as a proxy for ICV, shown to correlate 0.93 with manually derived ICV .
The surface reconstruction and segmentation procedures are run automatically but require supervision of the accuracy of the spatial registration and tissue segmentations. The types of errors that most often prompted user intervention in the current data sets were insufficient removal of nonbrain tissue (typically dura/vessels adjacent to the cortex, especially in the orbitofrontal cortices). In addition, in presence of local artifacts, small parts of WM may mistakenly be segmented as GM, thus obscuring the WM/GM boundary. All volumes were visually checked for accuracy, and segmentation errors were manually corrected by trained operators. Minor manual edits were performed on most subjects ( >80%), usually restricted to removal of nonbrain tissue orbitofrontally included within the cortical boundary.
Statistical Analyses
Voxel-based DTI analyses were performed using permutation-based inference (Nichols and Holmes 2002) as implemented in ''randomise,'' part of FSL. We tested for linear and quadratic effects of age on FA, MD, and RD with general linear models (GLMs) while regressing out the effects of sex. Threshold-free cluster enhancement (Smith and Nichols 2009 ) was used in order to avoid the arbitrariness involved in setting smoothing levels and thresholds for cluster size inference. Five thousand permutations were performed for each contrast. Statistical P value maps were thresholded at P < 0.05 corrected for multiple comparisons across space.
Curve fitting on ROIs and TOIs was performed using functions freely available through the statistical environment R (http://www.r-project.org/). First, we fitted data by ordinary least-square (OLSs) regressions. Due to the age span of the included participants, we expected strong nonmonotonic effects of age. Thus, only parameters from the quadratic regressions are presented. These are the unique effects of age 2 after regressing out the linear effects of age and sex. The OLS regressions were performed to enable comparisons with previous studies and to establish nonlinear relationships with age. Secondly, fitting was made by locally weighted polynomial regression (LOESS) (Cleveland and Devlin 1988) in order to delineate age-related WM changes without enforcing a common parametric function on the full data set as is the case with OLS regressions. Because we used LOESS to describe age trajectories and not to test hypotheses of certain predefined trajectories (e.g., linear vs. quadratic), OLS regressions were first used to test whether the null hypothesis of linear relationships could be rejected. Briefly, a polynomial fit is made iteratively on a subset of the data in a moving fashion. For the fit at age X, the fit is made using values in a neighborhood of X, each weighted by the distance from X. The size of the neighborhood is defined by alpha, and for alpha < 1, the neighborhood includes a proportion alpha of the values. Data were fitted in 4 iterations with alpha = 0.75. Observed and fitted values of FA, MD, RD, and standardized residuals of WM volumes after regressing out ICV were plotted as a function of age to display age-related variability and predicted trajectories. Sex was regressed out in all analyses. Although the global analyses were performed on all estimated measures, the regional analyses were repeated for WM volume, FA, and RD only.
To explore the spatial variability in maturation and aging, we performed robust LOESS (rLOESS) fitting on each voxel in the skeletonized FA volume using custom Matlab routines. Age at maximum FA was estimated for every voxel and mapped back to the skeleton. Also, age when FA was equal to 50% of the distance between maximum FA and FA at maximum age was estimated and mapped back to the skeleton. Thus, every skeleton voxel was represented with a value of age at maturational peak and age at 50% of total estimated age-related reduction. For these analyses, the warped FA volumes were spatially smoothed with a 3D Gaussian kernel with sigma = 2 mm (which approximates a full width at half maximum of 4.7 mm) prior to the skeletonization and smoothing procedure. Only voxels showing significant inverse life-span U-patterns in the TBSS analyses were included in the voxel-based rLOESS analyses. Figure 2 (upper rows) shows the results from GLMs testing linear and quadratic effects of age on FA across the skeleton. Red color denotes significant voxels thresholded at P < 0.05 corrected for multiple comparisons across space. As expected, FA was significantly related to age in large portions of the brain. Of the skeleton voxels, 83.8% showed a unique significant negative linear relationship with age and 65.6% of the voxels showed a unique significant inverse U-shaped relationship with age. Mean FA from the whole skeleton is plotted as a function of age in the upper right corner of Figure 2 . As evident from the plot, and as predicted from the TBSS analyses, strong quadratic effects of age are seen. Estimated age at maximum FA was 29.1 years. Table 2 summarizes the results from the parametric fit as well as age at the LOESS estimated maxima/minima for FA, MD, and RD. Figure 2 (middle rows) shows the results from the global MD analyses. Large areas of significant positive linear and U-shaped relationships with age were found. Of the skeleton voxels, 92.8% showed a unique significant positive linear relationship and 45.6% of the voxels showed a unique significant U-shaped relationship with age. As outlined in Table 2 , age at the LOESS estimated minimum MD was 35.7 years. Figure 2 (bottom rows) shows the results from the global RD analyses. Voxel-based GLMs yielded large areas of significant positive linear and quadratic relationships with age. 93.1% of the skeleton voxels showed a unique significant positive linear relationship with age and 53.9% showed a unique significant Ushaped relationship with age. As depicted in Figure 1 and evident in Table 2 , age at the LOESS estimated minimum RD was 31.1 years. Table 2 shows the results from least-square regressions with standardized residuals of the total ICV-regressed WM volume as dependent and sex, age, and age 2 as independent variables. Figure 3 (right bottom corner) shows the standardized residuals of total WM volume plotted against age. A significant quadratic fit was found, with LOESS estimated maximum value at 50.1 years.
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Regional Analyses
Correlations between Tracts Figure 4 shows pseudocolor maps of the correlation matrices for the different fiber tracts for FA (left), MD (middle), and RD (right). The matrices have been arranged so that highly correlated tracts are organized along the diagonal. Except for the 2 cingulum bundles, the correlations between tracts were generally strong. All tracts showed strong correlations between hemispheres.
FA
Age 3 FA plots for the TOIs are shown in Figure 5 and results from least-square regressions with age at estimated maxima are outlined in Table 3 . All TOIs showed highly significant (P < 0.001, Bonferroni corrected) inverted U-shaped relationships with age. Estimated age at maximum FA ranged from 24.0 years in Fmin to 31.8 years in parahippocampal cingulum. As evident from Figure 5 , the parahippocampal cingulum bundle revealed a high degree of between subject variability. Median LOESS estimated peak of all TOIs was 28.6 years (SD = 2.6). Supplementary Figure 1 displays age 3 FA plots per hemisphere.
Regional Variability in Timing of Maturation and AgeRelated Deterioration
Time-lapse renderings illustrating the results from the voxelbased rLOESS analyses are available online. Supplementary Movie 1 shows the anatomical variability of WM maturation as indexed by age at maximum FA value. Supplementary Movie 2 shows the regional variability in age when FA fell below 50% of the difference between maximum FA (peak) and FA at maximum age. Figure 6 (panel A) shows snapshots from Supplementary Movie 1 and cumulative portions of voxels per tract reaching maximum FA as a function of age (panel B). Relatively early maturation ( <21 years) was seen not only in occipital but also in several frontal areas, including parts of Fmin. All tracts showed similar general patterns, but the portion of matured voxels at the earliest sampled age (8 years) varied between tracts. For instance, approximately 24% of the CST voxels did not show any further FA increases beyond 8 years of age, whereas this was true for only approximately 2% of the voxels in the dorsal and parahippocampal cingulum bundles. Further, for Fmaj and CST, 50% of the voxels peaked around 20 years of age, whereas the parahippocampal (~27 years) and the dorsal cingulum bundles (~30 years) showed a slower maturation. Figure 6 (Panels C and D) shows the timing of estimated age-related WM deterioration. Parts of SLF and CST reached the threshold already at around 30 years of age, followed by areas encompassing parts of the Fmin in the late 40s and posterior areas including the occipital lobes in the early 60s. For most tracts, the vast majority of voxels reached the threshold in the 60s. Relatively early deterioration was seen in CST, where approximately 25% of the voxels had reached the threshold at 55 years of age. For the dorsal cingulum bundle, Fmaj, UF, and Fmin, 25% of the voxels had reached the threshold at 65 years.
RD
Age 3 RD plots for each TOI are given in Figure 7 and statistics from the least-square regressions and age at estimated maximum development are outlined in Table 4 . All TOIs showed significant (P < 0.001, Bonferroni corrected) positive quadratic relationships with age. Median LOESS estimated maturational plateau for RD was 30.4 years (SD = 1.3) ranging from 29.1 years in Fmin to 32.7 years in the dorsal cingulum. Supplementary  Figure 2 displays age 3 RD plots per hemisphere. Figure 3 shows age 3 WM volume plots for the various composite regions and Table 5 presents statistics from leastsquare regressions and age at LOESS estimated maxima. Standardized residual volumes after regressing out ICV and sex were used. All regions except the dorsal cingulum gyrus showed significant (P < 0.05, Bonferroni corrected) inverted U-shaped relationships with age. The dorsal cingulum gyrus showed a high degree of stability until the latest part of life. Median age at estimated peak for all areas was 52.2 years (SD = 8.0 years) ranging from 32.1 in corpus callosum to 55.9 years in the parietal lobe. Importantly, all regional WM volumes except corpus callosum peaked in the sixth decade. 
WM Volume
Discussion
Our analyses yielded several new findings. First, life-span age trajectories of FA, MD, and RD in WM are characterized by 3 phases: 1) a sharp developmental increase in FA and reduction in MD and RD followed by 2) a period of relative stability in adulthood with a subsequent 3) accelerated decrease in FA and increase in MD and RD in senescence. Second, the regional timing of maximum development for FA and RD was between 24 and 33 years, approximately 20 years earlier than the estimated peaks for WM volumes. Third, voxel-based fitting supported our hypothesis of relatively early maturation of the CST and slow development of the cingulum bundles. However, the regional variability did not provide ample evidence in support of a simple retrogenetic theory of age-related deterioration. Finally, the trajectories for WM volume and diffusion parameters were markedly different. Even though both were generally highly nonlinear, WM volumes increased until the sixth decade before starting to fall off. This stands in contrast to the much earlier plateaus observed for the DTI indices. We discuss the findings in more detail below.
U-or inverted U-shaped WM changes were found across modalities. This was not surprising given the inclusion of children. Total WM volume peaked at approximately 50 years of age, supporting the notion of WM volume growth until middle age (Jernigan et al. 2001; Allen et al. 2005; Fjell et al. 2005; Walhovd et al. forthcoming) . However, global FA peaked at around 30 years followed by a small yet stable linear decrease until approximately 65 years with a subsequent accelerating decline. MD and RD showed analogous patterns. These trajectories do not support the notion of continuous WM maturation throughout large parts of adulthood, but rather suggest a 3-phasic life-span model with accelerated alterations Figure 6 . Regional variability in WM maturation and age-related deterioration. Panel A shows skeleton voxels (red) having attained its maximum rLOESS estimated FA value at different stages of chronological development in years. The skeleton voxels are superimposed on a transversal section of a T1-weighted Montreal Neurological Institute template (Z 5 83). Only voxels showing a significant inverse U-pattern across the life span were included in the peak estimations. Relatively early maturation (\21 years) is seen in occipital and frontal areas. Panel B shows percentage of voxels per tract having reached its maximum FA value as a function of age (8À49 years). Panels C and D show the estimated age-related deterioration as indexed by age when FA fell below the value equal to 50% of the difference between maximum FA and FA at maximum age. Parts of the SLF reached the threshold at around 30 years of age, followed by areas encompassing Fmin in the late 40s and posterior areas, including the occipital lobes, in the early 60s. As indicated by the cumulative curves (panel D), the vast majority of voxels reached the threshold in the 60s.
in the earliest and latest phases of life (Raz et al. 2005) . This is further supported by developmental studies indicating an asymptotic WM maturation from childhood to early adulthood (Lebel et al. 2008; Østby et al. 2009; Tamnes et al. forthcoming) and accelerating WM volume decreases in senescence (Walhovd et al. forthcoming) .
Tractwise estimation of the timing of maximum development showed relatively high regional stability, but some variability in the shape of the curves was observed. The volumetric data revealed a linear growth of frontal, parietal, and deep WM until estimated maxima, whereas the occipital and the cingulate WM remained relatively stable before declining in senescence. Thus, the continuous growth of total WM volume until peak was not representative for all areas. The DTI data showed a 3-phasic curve in the ATR, dorsal cingulum bundle, Fmin/Fmaj, inferior and superior longitudinal fasciculi and the uncinate. The uncinate trajectory is in general agreement with a recent DTI study (Hasan et al. 2009 ). The parahippocampal cingulum showed a less clear-cut trajectory. Steepest developmental curves were seen in the dorsal cingulum bundle. Because we sampled from 8 years of age, this is probably indicative of prolonged maturation of the dorsal cingulum, which is in line with previous reports (Lebel et al. 2008; Tamnes et al. forthcoming) . The voxel-based fitting yielded results supporting our hypothesis of early maturation of the CST and protracted development in the dorsal and parahippocampal cingulum bundles. However, the relatively late deterioration observed in the dorsal cingulum bundles and the uncinate does not support a simple retrogenetic theory of WM deterioration in aging.
The neurobiological mechanisms causing volumetric and diffusivity changes in brain tissue in development and aging are not understood. Findings from comparative and histological studies suggest significant alterations of myelin-related processes in aging (Peters 2002a) , including accumulation of watercontaining balloons in the myelin sheaths (Feldman and Peters 1998; Sugiyama et al. 2002) , formation of redundant myelin, splitting of the myelin lamellae and loss of small myelinated nerve fibers Peters 2001, 2003; Marner et al. 2003) . Also, evidence of increased number of oligodendrocytes (Peters and Sethares 2004) , thickening of myelin lamellae , and shortening of the internodes (Peters and Sethares 2003) in aged subjects is indicative of remyelination in old age (Lasiene et al. 2009 ). Other factors influencing both volume and diffusion measures include alterations of the fiber diameter (Paus et al. 2008; Giorgio et al. 2010) . Several environmental and Note: All volumes are residuals after regressing out ICV. t 5 t value, F 5 F value, R 2 5 adjusted R 2 , and age at maxima 5 age at LOESS estimated maximum volumes. *n.s: not significant; ** P \ 0.001 and *** P \ 0.0001. , and age at minima 5 age at LOESS estimated minimum RD in the different tracts. **P \ 0.001 and *** P \ 0.0001.
Cerebral Cortex September 2010, V 20 N 9 2063 experiential variables influence WM development (Bengtsson et al. 2005; Fields 2008; Hyde et al. 2009 ); thus, life-span WM changes manifest through a dynamic pattern of neurobiological and environmental interactions. The most apparent discrepancy between measures was the age at estimated maximum development; with a span of more than 20 years between estimated global FA (29.1 years) and total WM volume peak (50.1 years). The early DTI maturational maxima are not in accordance with previous volumetric studies, and do not lend support for WM development beyond early adulthood. There were small regional differences in WM volume peaks, and all regions peaked early in the sixth decade with the exception of corpus callosum, which peaked in the beginning of the thirties. Tract-specific analyses for FA and RD showed maximum development late in the third or early in the fourth decade in all tracts. One exception was the parahippocampal cingulum bundles, which showed less clear trajectories. This is in accordance with a previous study failing to find age-related FA decrease in the temporal lobe (Hsu et al. 2008) .
The voxel-based rLOESS procedure revealed relatively early maturation of not only occipital areas (~15--20 years) but also frontal areas including portions of the Fmin that reached maximum FA value in late teen years. The cumulative tractwise maturational curves (Fig. 6, panel B) indicated relatively small differences in the timing of maturation between tracts. Some interesting exceptions are noted. For Fmaj and CST, 50% of the voxels peaked around 20 years of age, whereas the parahippocampal (~27 years) and the dorsal cingulum bundles (~30 years) showed a slower maturation. This is in line with our hypothesis of protracted development in fronto-temporal connections. Interestingly, Fmaj and the dorsal cingulum bundles were among the latest tracts to deteriorate as indexed by the 50% threshold (Fig. 6, panel D) , whereas the CST was among the earliest. This does not support our hypothesis of an inversed ontogenetic pattern in WM aging. As indicated by the tractwise smoothing, most voxels peaked within 30 years of age. The voxel-based rLOESS analyses of age-related WM deterioration showed that parts of the SLF reached the 50% threshold already at around 30 years of age, followed by parts of the Fmin in the late 40s and more posterior areas in the early 60s. As indicated by the cumulative curves, most voxels reached the threshold between 55 and 65 years of age.
A critical question pertaining to the neuroanatomical inferences of the regional differences is to which degree DTI indices are sensitive to between regions compared with between subjects variability. Ma¨dler et al. (2008) reported a correlation between FA/RD and myelin water fraction (MWF, based on the short T2 component) across but not within regions. With a few exceptions, the lack of a clear tractwise segregation in developmental sequence and also the strong correlations between tracts in our data, suggest that DTI indices may be more sensitive to global than to regional variability in neurodevelopment and aging. Thus, neuroanatomical inferences based on DTI indices alone should be made with caution.
Our results suggest that tissue volume and DTI measures are relatively independent indices of WM properties. Although the volumetric data indicate a 2-phasic development with an initial growth until middle age followed by accelerated loss, the DTI data showed earlier maximum maturation followed by a relatively stable and slow decline until late middle life with an accelerating decline in senescence. Few MRI studies have examined concurrent volume and diffusion changes across the brain. Hugenschmidt et al. (2008) reported age-related FA decreases in subjects aged 18--80 years after correcting for local atrophy as indexed by decreased WM volume. This supports the notion that FA is sensitive to microstructural changes preceding tissue loss. Abe et al. (2008) found regional selectivity for age-related FA and volume changes, respectively, indicating that the measures are complementary neurobiological markers. The relative independence of DTI and volumetry as indices of cerebral health is also supported by findings of weak associations between the 2 measures (Fjell et al. 2008) . One study reported that age-related decreases in FA could primarily be explained by atrophy and lesion formation . However, the sample was restricted to subjects above 60 years of age, approximately 30 years after estimated maximum FA in our data. Although pathological mechanisms like lesion formations and tissue atrophy may partly explain individual differences in FA in elderly subjects, such pathological factors exert minimal influence in healthy young subjects. Thus, the mechanisms involved in FA reduction in young versus old adulthood may be fundamentally different.
We have earlier speculated that formation of redundant myelin and water compartments in the myelin sheaths may increase volume and decrease FA, and thus exert differential age effects on the 2 measures (Fjell et al. 2008 ). However, DTI indices are sensitive to general diffusion properties of brain tissue, and are not a selective marker of myelin (Beaulieu 2002) . Nevertheless, the magnitude of the radial eigenvalue has been shown to be sensitive to de-and dysmyelination in mice (Song et al. 2002 (Song et al. , 2005 , suggesting some myelin specificity of RD. Also, histological analyses indicate FA and MD sensitivity to myelin content, and to a lesser degree axonal count (Schmierer et al. 2007 ). The estimated maturational peaks of the DTI indices suggest that some developmental processes influencing WM diffusivity halt or reverse in the fourth decade. The DTI data thus contradict the notion of positive WM development until middle age. Although attributing the timing of the maturational DTI maxima to myelin-related neurobiological processes may be tempting, the present findings must also be interpreted in light of evidence of continued remodeling of the myelin until the sixth decade (Flynn et al. 2003; Inglese and Ge 2004) .
Limitations
Our study has several limitations. Possible confounds in crosssectional studies include cohort effects, such as nutrition/ dietary patterns during gestation and early development. Profiting from longitudinal data, further studies would also be able to validate the current cross-sectional curves with individual trajectories of both diffusivity and volumetric measures. Follow-up assessments of the included participants are planned.
Another potential limitation is that the diffusion data were derived exclusively from the center of each pathway. It has been suggested that thin myelinated fibers more proximal to the brain surface or in the periphery of the fasciculi may be more vulnerable to age-related degradation than deeper structures Peters 2001, 2003; Marner et al. 2003; Bartzokis 2004) . Thus, the sampled neuroanatomical regions may not be optimal in order to explore the proposed last-in-first-out hypothesis of cerebral aging, as actively myelinating areas closer to the cortical surface may show different maturational and aging-related patterns (Bartzokis 2004) . Due to constraints on image resolution in DTI and many crossing fibers close to the cortical mantle, DTI data supporting this hypothesis is lacking, and more studies utilizing other modalities with superior resolution are needed (Salat, Lee, et al. 2009; Westlye, Walhovd, Dale, et al. 2009 ). Recent techniques for modeling and separating multiple crossing fiber populations (Jbabdi et al. 2010) and identifying the entire extent of specific WM tracts ) based on DTI scans may provide tract-specific diffusion estimates that overcome this limitation.
A challenge in imaging studies comparing participants with possibly different macrostructural brain characteristics is that different amounts of warping to standard space are needed. In the present study, FNIRT performed the native-to-standard space warping adequately across age groups. As a global comparison was the main reason for inclusion of multimodal data, the methodological approach employed did not enable a direct local comparison of WM volume and DTI indices.
The included participants showed generally above average cognitive functioning, and may thus not be representative for the general population. This is a shortcoming of many studies aiming at pinpointing healthy aging (Raz et al. 2005) . Also, despite our efforts to include healthy participants only in the current sample, including health interview, cognitive assessments and radiological evaluation, the influence of subclinical conditions on the measures of interest cannot be ruled out. As neurodegenerative conditions may be manifested in the brain years before clinical symptoms are detectable, follow-up examinations over several years are needed to exclude the possibility that, for example, preclinical AD may have influenced the results. We did not exclude areas showing subtle T2-weighted WM hyperintensities from the DTI analyses. Thus, we cannot rule out a possible influence of subclinical conditions affecting T1-or T2-weighted signal intensities on the DTI indices. However, signal intensity alterations are regularly found in healthy samples, and may not be a specific neuroradiological marker of disease (Vernooij et al. 2007 ). Further, reductions in FA were seen from about 30 years of age, and it is unlikely that preclinical AD or other incipient neurodegenerative conditions cause WM changes at this age.
Conclusion
The present results demonstrated that microstructural WM maturation peaks early in the fourth decade, with no evidence of protracted development into middle age. The time-lapse sequences supported early maturation of occipital areas and the CSTs but did not provide ample evidence in support of a simple last-in-first-out hypothesis, nor any strong indication of a selective vulnerability of the frontal lobes in aging. The estimated DTI trajectories supported a 3-phasic life-span model with accelerating alterations in the earliest and latest part of life with an intermediate slow decline from early adulthood into middle age (Raz et al. 2005) . The timing of the DTI maturational plateaus, estimated to be in the early 30s, were markedly earlier than for WM volumes, which in general were characterized by quadratic trajectories with peaks in the early 50s. Still, both the DTI and the volumetry trajectories diverge from what is usually observed for cortical volume and thickness, which in general follows a monotonic pattern of reduction throughout most of adolescence and adulthood.
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